Abstract
Introduction 8
Bio-economy markets are rapidly changing worldwide, therefore new alternative energy 9 pathways, which use bio-based natural resources in a sustainable way will be needed in the 10 future. European Union (EU) environmental regulations and energy directives have made 11 renewable energy production an important topic to address. This ongoing trend can give a 12 new potential to existing forest companies to also develop as significant biofuels producers 13 in addition to producers of cellulose based products. Nowadays chemical pulp mills 14 typically produce fibers for paper, board and viscose production and at the same time 15 harvest great amount of bioenergy in the form of heat and power. So far fiber products have 16 a good share in the market of traditional cellulose products, but due to global increasing 17 capacities, the situation can dramatically change leading small production plants into 18 financial difficulties. For these mills, the production of renewable energy in the form of condensates had high yields at or above 50% of the theoretical potential. Larsson et al.
22
(2015) also state that alkaline bleaching effluents from a kraft pulp mill were suitable for 23 4 AD application, however significant lower yields were found when using softwood as raw 1 material rather than hardwood.
2
Due to some of the challenges mentioned above, different sources for biogas production 
Materials and methods

12
Raw material
13
Softwood pulp fibers used in this study were collected from a kraft pulp mill located in 14 north west Finland. Pulp fibers were taken after pulp mill digester, after oxygen 15 delignification (O2) stage and after final bleaching stage; from now on denoted as BRFiber,
16
O2Fiber and BLFiber respectively. Fibers were washed prior to further use with distilled 17 water in large Büchner funnel to attain wash filtrate conductivity value of 5μS, 18 subsequently they were centrifuged to dry consistency. Centrifuged pulps were used as raw 19 material in MCC manufacturing and also employed in BMP tests.
20
MCC materials were manufactured using an acid hydrolysis procedure called AaltoCell™ reactor content after hydrolyzing procedure, but without filtrate separation and washing.
11
Distilled water was used in all experiments, H2SO4 was 1M and analytical grade. 
Substrates and inoculum
14
The fractions from the production of the different MCC qualities were used as substrates gravimetrically. Cellulose fraction molecular weight distributions were analyzed using a
10
Gel permeation chromatography (GPC) technique. Samples were pretreated according to The anaerobic biodegradability (BD) of a substrate can be expressed by the ratio between Methane and energy mass calculations were calculated using the following equations:
where Mamount is the methane amount of kg produced per one air-dried ton of substrate (Jeffries, 1990 ).
12
Ultimate methane yields for brown pulp substrates were reached between days 9 and 10 of 13 digestion with the exception of BRFiltrate which reached its ultimate yield by day 4 (Fig. 14 3a) and a maximum daily methane yield of 159 mLCH4/gVS on the first day of digestion.
15
The immediate and fast production rate of gas is due to a healthy concentration of
16
hydrolyzed carbohydrates common to all filtrate samples ( Bleached pulp substrates followed a similar pattern as brown pulp substrates (Fig 3c) . The 4 highest maximum daily methane production was 169 mLCH4/gVS from BLFiber on day 4, 5 followed by 158 mLCH4/gVS from BLFiltrate on day 1. Both BLMCC and BLMix samples 6 reached peaks of 127 and 131 mLCH4/gVS on day 3. All samples achieved 90% of their 7 ultimate methane yield by day 7 and a plateau stage by day 12.
8
The degradation profile of O2 substrates varied significantly from those of brown and 9 bleached pulp substrates (Fig. 3b) . The ultimate methane yields were reached between days 10 9 to 15 for all samples. The maximum production rates were extended through a more 11 spacious interval of time with each sample having two peaks of methane production.
12
O2Fiber had a peak production of 74 and 46 mLCH4/gVS on day 4 and 11 respectively.
13
Initial gas production had a semi-linear tendency until reaching a plateau stage at day 15.
14 O2MCC samples presented peak production of 42 and 45 mLCH4/gVS on days 5 and 9
15
respectively and followed the same semi-linear tendency as the O2Fiber samples. O2Mix O2Filtrates, that caused a drastic pH drop and furthermore an inhibition of methane 23 production suggested by the higher presence of furfural and HMF ( efficiencies (86-79%), whereas fiber samples had 25-35% (Table 3) . This is inversely smaller the size of the molecular weight fraction, the higher the degradation to biogas.
22
Shown in Fig. 1 It is a common conclusion that lignin negatively affects the biodegradability of substrates methane production where oversaturation occurs and is later compensated after a buffering 14 period (Fig.3) . pH values increased from neutral to slightly alkaline (7.2-8.1), which 15 showed sufficient buffering capacity in each batch reactor. This assured no total inhibition 16 occurred.
18
Energy and economic estimation 19
The amount of energy from the produced methane of each substrate was calculated using
20
Eq. (3) and (4) in order to estimate the energetic output from a traditional fiber to an energy 21 production scheme (Table 4) . Energy estimations suggest that using BLFiber as feedstock 22 for AD produces the highest amount of energy of 13.5 gigajoules per air dry ton (GJ/adt). An estimated sludge production is important to compute and factor into the calculations.
5
Management of the digested sludge accounts for a significant cost in a wastewater 6 treatment plant, however simultaneously can be considered as a by-product used for soil as it is assumed to be valued as soil amendment.
13
To estimate the economic potential of methane production in a chemical pulp mill it is first 14 necessary to calculate the exisiting costs and incomes of the mill and compare them against 15 the alternative option to produce pure biogas (methane). From a practical point of view we 16 compare two cases (Table 5) , one is pure chemical pulp production with paper grade and 17 the second is methane production from brown stock pulp without oxygen delignification Table 4 . Energy and sludge production calculations for all pulp substrate. 
